In doped TlGaSe2 crystals the phase transitions at low temperatures (100170 K) were observed using admittance and dielectric spectroscopy in a temperature range of 80320 K. The admittance and permittivity measurements in the studied samples indicated that after Fe or Tb doping by impurities with concentrations Nimp < 0.5 at.% nonequilibrium electronic phase transition is observed. Doping with Nimp > 0.5 at.% resulted in full suppression of this phase transition presence.
Introduction
The ternary compound TlGaSe 2 belongs to the group of chalcogenide semiconductor crystals with layered structure which are crystallized in monoclinic structure.
These crystals draw a great attention due to their optical and electrical properties in view of the possible optoelectronic device application. In recent years, there is a growing interest in their study due to the coexistence of ferroelectric and semiconducting properties, as well as the presence of structural phase transitions (PTs) in some temperature ranges. In particular, it has been established that undoped TlGaSe 2 crystals exhibit on cooling a sequence of structural PTs which are accompanied by peculiarities in temperature dependences of electric, dielectric, elastic, acoustic, thermal, optical, etc. properties at temperature ranges of about 90140 K and 240260 K [16] . A great number of experimental results indicated that in undoped TlGaSe 2 a sequence of low-temperature structural PTs from a paraphase to an incommensurate phase at T i ≈ 120 K and then to the commensurate ferroelectric phase at T c ≈ 110 K are observed. The ferroelectric PT is a displacive improper type and the spontaneous polarization at T ≈ 110 K is inside the layer planes. So it was interested to check the eect of doping on these PTs and their manifestations using dielectric and impedance spectroscopy.
The present paper is devoted to the study of AC electric and dielectric properties at dierent temperatures and frequencies in TlGaSe 2 crystals doped with dierent * corresponding author; e-mail: fedotov@bsu.by impurities and their comparison with the properties of the undoped crystals.
Experimental
The single crystals were grown and doped with Fe, Ag, B, Tb, Er, and Al impurities in evacuated quartz tubes by using the modied Bridgman method [58] .
The studied samples with rectangular form were oriented by larger face (the cleavage plane) along the polar axis.
Scanning electron microscope images and stoichiometry of the grown single crystals were shown in [8] earlier.
The Raman spectra were taken at room temperature using a Nanonder High End (Lotis TII, BelarusJapan) confocal microscope-based setup. The Raman scattering was excited using the 532 nm solid-state laser with power level at the sample at ca. 60 µW to minimize laser--induced damage to the crystals. The spectral calibration was done using a built-in gas-discharge lamp with accuracy better than 1 cm −1 . Transmission spectra of the crystals were measured using a spectrophotometer MC AC bridge (for the frequency range 50 Hz100 kHz) or Hewlett Packard LCR-meter HP 4284A (for measurements at frequencies 100 kHz5 MHz) was used. During the experiments, the changes in the full resistance and phase of the samples studied were xed to calculate the real and imaginary parts of impedance and permittivity.
The absolute values of admittance and permittivity were measured accurate up to 4%. All AC measurements were carried out with a full computer control.
Results and discussion
Scanning electron microscopy (SEM) investigations of single crystals conrmed their stoichiometry and have
shown that surfaces of their normally-cleavaged faces displayed layered-like structure with either piramid-and step-like roughnesses (see [8] and insets 1 and 2 in Fig. 1a) or dendritic and brushy inclusions (insets 3 and 4 in Fig. 1b ) with about 12 µm sizes. Let us note that, as was mentioned in [8] , some of these inclusions were enriched by basic components of the crystals (mainly selenium or thallium). 
